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Description 

BACKGROUND OF THE IMX/FNTtON 
Field of tha Im/flfitinrt 

The present invention relates to a single-mode opti- 
cal fiber applied to a transmission line for optical com- 
munications or the like and, in particular, to a 
dispersion-shifted fiber suitable for wavelength division 
multiplexing (WDM) transmission. 

Related Backg round Ar\ 

Conventionally, in optical communication systems 
employing single-mode optical libers as their transmis- 
sion fines, light in the wavelength band of 1 .3 um or 1.55 
um has often been utilized as signal light for communi- 
cations. Recently, from the viewpoint of reducing trans- 
mission loss in transmission lines, the light in the 1.55- 
um wavelength band has been in use more and more. 
The single-mode optical fiber applied to such a trans- 
mission line for light in the wavelength band of 1 .55 um 
{hereinafter referred to as 1.55-um single-mode optical 
fiber) is designed so as to nullify its wavelength disper- 
sion (phenomenon in which pulse wave broadens 
because the propagating speed of light varies depend- 
ing on its wavelength) for light in the wavelength band of 
1 .55 ^m (thus yielding a dispersion-shifted fiber having 
a zero-dispersion wavelength of 1.55 um). As such a 
dispersion-shifted fiber, for example, Japanese Patent 
Publication No. 3-18161 discloses a dispersion-shifted 
fiber having a refractive index profile of a dual-shape- 
core structure, whose core region is constituted by an 
inner core and an outer core having a refractive index 
lower than that of the inner core. Also, Japanese Patent 
Application Laid-Open No. 63-43107 and Japanese 
Patent Application Laid-open No. 2-141704 disclose a 
dispersion-shifted fiber having a refractive index profile 
of a depressed cladding/dual-shape-core structure, 
whose cladding region is constituted by an inner clad- 
ding and an outer cladding having a refractive index 
greater than that of the inner cladding. Further, V.A. 
Bhagavatula et a!., OFC 95 Technical Digest Paper 
ThHl. 1995. and P. Nouchi et al.. ECOC 96, Paper 
MoB.3.2. 1996 disclose a dispersion-shifted fiber hav- 
ing a refractive index profile of a ring-shaped core struc- 
ture. 

Recently, on the other hand, since long-haul trans- 
mission has become possible with the advent of wave- 
length division multiplexing (WDM) transmission and 
optical amplifiers, there have been proposed, in order to 
avoid nonfinear optical effects, dispersion-shifted fibers 
employing a refractive index profile of the above-men- 
tioned dual-shape-core structure or depressed clad- 
ding/dual-shape-core structure, whose zero-dispersion 
wavelength is shifted to the shorter wavelength side or 
longer wavelength side than the center wavelength of 



signal light (Japanese Patent Application Laid-open No. 
7-168046 and US. Patent No. 5,483,612). Here, the 
nonlinear optical effects refer to phenomena in which 
signal light pulses are distorted in proportion to density 

s of light intensity or the like due to nonlinear phenomena 
such as four-wave mixing (FWM), serf-phase modula- 
tion (SPM), cross-phase modulation (XPM), or the like. 
Transmission speed and relaying intervals in repeating 
transmission systems are restricted by the nonlinear 

to optical effects. 

Japanese Patent Application Laid-Open No. 8- 
248251 proposes an optical fiber having a configuration 
which suppresses the occurrence of the above-men- 
tioned nonlinear optical phenomena, which may be gen- 

i5 erated when light having a high power is incident on the 
optical fiber, thereby reducing the distortion in optical 
signals caused by these nonlinear optical phenomena. 
Such an optical fiber has a refractive index profile 
whose effective core cross-sectional area A^ is 

20 designed to be greater than about 70 um 2 . 

Here, as disclosed in Japanese Patent Application 
Laid-Open No. 8-248251, the effective core cross-sec- 
tional area A^ is given by the following expression (1): 



0) 



00 \2 /» x 



30 wherein E is an electric field accompanying propadated 
light, and r is a radial distance from the core center. 

On the other hand, dispersion slope is defined by 
the gradient of a graph indicating a dispersion charac- 
teristic in a predetermined wavelength band. 

35 

SUMMARY OF THF I NVENTION) 

Having studied the foregoing prior art, the inventors 
have found the following problems. 
40 in general, while the dispersion slope increases as 
the effective core cross-sectional area Ae« is greater, no 
consideration has been made in the conventionally pro- 
posed dispersion-shifted fibers so as to optimize their 
dispersion slope value, which relates to the occurrences 
is of distortion in signal fight waveform due to dispersion 
and nonlinear optical effects, from the viewpoint of 
reducing distortion in the whole waveform. 

Accordingly, in view of future advances in wave- 
length division multiplexing accompanying more sophis- 
so ticated communications, expected is a situation where it 
is difficult to keep a transmission quality by simply 
employing a conventional dispersion-shifted fiber. 

In order to overcome the problems such as those 
mentioned above, it is an object of the present invention 
ss to provide a dispersion-shifted fiber for WDM transmis- 
sion, suitable for long-haul submarine cables or the like, 
which has a structure for effectively restraining the non- 
linear optical phenomena from occurring. 
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-J^The dispersion-shifted ftoer aceordirto to ft™ 
aoatlng signal |g W ,„ a 155 length 
(namely, a wavelength In the range oM.SOOnmto 1600 
nm) compnsing a core region extending elon? , J2 
terrmned reference axis and a cladding regto^ rfsSoVed 
around the outer periphery of the cora regto™ S 
person -shiver has a zero^ispersion wavSeiS 
shrfted to a shorter wavelength side or longer wave 
length Sld e from the center wavelength <1,slo nn 7tf 
the 1.55-nm wavelength hand. ' 

In particular, as characteristics at the center wava- 
•ength (1.550 nm) of One 1.55-^ ™J££££Z 
iT^Val*? * ^asenTfnven 6 

10 to 4 5 «M^ d,SP9fS ' 0n Whose abso,ute ^lue is 
I f, psAlm/km . a dispersion slope of 0.05 to 0 09 

SSjfrf" C ° re cras « 'cfiona, 2£S a! 

s IS "hT 0Uler han * the ^etormirinai £ 

he dlspersion ^ js „ 05 to Q £ 
tha | total amount of distortion refers ,o the sum of the 
distort™ ,n s,gnal light waveform caused by the fo ur « 
wave mixings and the distortions in signal Itaht wave- 
form caused by the synergistic effect of accumS 
JS* se "-P hase ™«n. Thus, the 

r?ll? ^1 ' aCCOrdin9 to ,he pf 6sent Mention can 
restrain the distortion from occurring due to the nonBn 
ear optica, effects. thereby allowing^igh^aVitl S 
transmission to be realized. -H"«my signal 

Furlher in the dispersion-shifted fiber accordino to 

rn-T COr l hav,n 9 * first refractive index, and an outer 

Zl Sh^ ar0U " d th8 ° U,er Pe '^ °» »»• <™ 
core and having a second refractive index higher than 

hefirstrefractive index; whereas a daddirTg^onJav 
ng a refractive index lower than the second fsZSe 
index is disposed around the outer periphery of I 
outer core. k means that this dispersion shifTed fiber 
can be suitably ^ by a si JJ 

structure. aCtWS ^ Pr0,ite 01 9 «« 

index" l^rf™^** ,ib8r havin 0 a ^tractive 
index P rof,le of a dual-shape-core structure or 

effects core cross-secfonal ar8a a,,,, is known to 
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become large, its mode field diameter (MFD) also 

^ 3,50 be See " ,rom Kat as 

™~ ""ft 0362 ' effective core cross-sectional area A. 
and MFD satisfy the following expression: ^" 



A, M = k 



(MFD/2) ! 



(2) 
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wherein k is a correction coefficient Here, the effective 
core cross-sectional area A.„ is oiverThv ! 
mentioned expression (" 9 " by ,he aW 

In a dispersion-shlffed fiber having a refrarthm 
-ndex profile of a ring-shaped core structure. ^ So 
.ng rts core d.ameter (outside diameter of the o2 

changes as well. Namely, within a range where the Se 

£"£2 sma "- in response ,0 increase "^SK 

e£^L?*T° n S ' 0pe 38 we " as «» ^ective coTe 

J" ,V d6CreaSeS - W"* a TO 
tTas. it! d Z 6,er ' S c ^erably large, by con- 
vast, while the effective core cross-sectional area A. 
ncreases in response to increase in the core 
ft. Aspersion slope decreases. It means ftaUnTta 
d^ersion-shifted ftoer having a refractive index pro !e 

diameter where the dispersion slope decreases „ 

In view of the foregoing, it is possible to obtain a dis- 
persion-sh fted fiber having both of an •»r£K 
cross-sectional area A.„ which is controlled^ « to 

S o m ^T a ^ adiSP ^ sfen5l °P e ^ 
led so as to become smaller. «""uui 

Consequently, when setting the effective core 

according •TSJSJJS^^ 

Further, in the dispersion-shifted fiber having a 
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refractive index profile of a ring-shaped core structure, 
within a range where the core diameter is small, both 
effective core Cross-sectional area A. fl and MFD 
decrease as the core diameter increases. WHhin a 

rang • whoro the eoro a motor tc eartfcidarahly larflO. AC s 

the core diameter increases, the MFD decreases, 
whereas the effective core cross-sectional area 
increases. Here, when changing the core diameter (out- 
side diameter of the outer core), the ratio between the 
outside diameter of the inner core and the outside diam- w 
eter of the outer core is kept constant. In general, bend- 
ing loss becomes smaller as the MFD is smaller and the 
cutoff wavelength is longer. From this viewpoint, the 
larger the diameter of the core is. the more advanta- 
geous it becomes. J5 

Specifically, according to the findings of the inven- 
tors, in order to realize a dispersion-shifted fiber having 
the above-mentioned characteristics, it is necessary to 
satisfy the following relationships: 

20 

0.4 * Ra (= 2a/2b) < 0.8 

5 pm s 2b £ 14 pm 

wherein 2a is an outside diameter of the inner core, and 25 
2b is an outside diameter of the outer core. 

Also, this dispersion-shifted ffoer satisfies the fol- 
lowing relationship: 



An, - An 2 £ 1% 30 

wherein An, is a relative refractive index difference or 
the outer core with respect to the cladding region, and 
An 2 is a relative refractive index difference of the inner 
core with respect to the cladding region. Namely, since 3$ 
the dispersion value of the dispersion-shifted fiber 
depends on an amount of depression (An, - An^ of a 
depressed area corresponding to the core center region 
in its refractive index profile in the diameter direction 
within the core region, it is necessary for this amount of 40 
depression to be at least 1.0% in order to obtain a suffi- 
cient dispersion value. The above-mentioned relation- 
ship between the outside diameter 2a of the inner core 
and the outside diameter 2b of the outer core is inde- 
pendent of the values of relative refractive index differ- as 
ences An, and Ar^. 

Further, reducing the relative refractive index differ- 
ence Ana of the inner core with respect to the cladding 
region (enhancing its absolute value when it is negative) 
is effective in shortening cutoff wavelength. Accordingly, so 
taking account of short-haul light transmission, in order 
to yield a cutoff wavelength of 1 ,550 nm or less at a ffoer 
length of 2 m. it is necessary for An 2 to be not greater 
than -0.4%. 

Though the cladding region can have a unitary 55 
structure (hereinafter referred to as matched cladding 
structure), it can also be constituted by an inner clad- 
ding disposed around the outer periphery of the outer 



core and having a third refractive index lower than the 
second refractive index (refractive index of the outer 
core), and an outer cladding disposed around the outer 
periphery of the Inner cladding and having a fourth 
rofracth/a Index hloher than the third refractive Index. 
Namely, the dispersion-shifted ffeer can have a refrac- 
tive index profile of a depressed cladding/ring-shaped 
core structure (double structure). 

Since the dispersion-shifted fiber having a 
depressed cladding structure has an effect to decrease 
undesired 2-mode light, as compared with the disper- 
sion-shifted fiber having a matched cladding structure 
without a depression, the depressed cladding Structure 
is effective to make a cutoff wavelength of 2-mode light 
become short. However, In the refractive index profile of 
the depressed cladding structure, when a width, which 
corresponds to a thickness (c-b) of the inner cladding, of 
a depression to be provided therein becomes too nar- 
row (namely, the value 2c/2b approaches 1) or when a 
width of a depression provided therein becomes too 
wide (namely, the value 2c/2b becomes too large), an 
effect of the depressed cladding structure with respect 
to the matched cladding structure can not be obtained. 
Therefore, it is necessary that the inner cladding has an 
appropriate outer diameter to the outer core, and it is 
preferable that the dispersion-shifted fiber having a 
refractive index profile of a depressed cladding/ring- 
shaped core structure satisfies the following relation- 
ship: 

1.2£2c/2b 5 2.2. 

In the dispersion-shifted fiber having a refractive 
index profile of a depressed cladding/ring-shaped core 
structure, An, is a relative refractive index difference of 
the outer core with respect to the outer cladding, 
whereas An 2 is a relative refractive index difference of 
the inner core with respect to the outer cladding. In this 
case, its cutoff wavelength becomes shorter than that of 
a dispersion-shifted fiber having a refractive index pro- 
file of a simple ring-shaped core structure with no 
depressed cladding structure, even when the values of 
relative refractive index differences An, and An 2 in the 
former are the same as those in the latter. 

On the other hand, in the conventional optical fiber 
disclosed in the above-mentioned Japanese Patent 
Application Laid-Open No. 8-248251, the optical power 
distribution (or electromagnetic field distribution) is max- 
imized at the core center of the optical fiber. In order to 
increase the effective core cross -sectional area A 0 „ 
while maintaining the form of optical power distribution 
having such a characteristic, ft Is necessary to broaden 
a skirt portion in the optical power distribution. Thus, in 
order to broaden the skirt portion in the optical power 
distribution, the conventionaJ optical fiber is provided 
with another segment (outer core) disposed outside the 
center segment (inner core). 

As can also be seen from the above-mentioned 
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egression (2), however, in the 3irjn^^„ naA 
persion-shifted fiber havingarefracU^^t^ 

shape-core structure, when the eftoJ 
sectional area A,« is increased. mv> < 8 m1„2 
(MFD) increases together therewith. d a "' Ster 

Due to the foregoing reasons, tht VJifjA t toef c , ne 
above-mentioned Japanese Patent iJw 
Open No. 8-248251. which isdesign* 
the effective core cross-sectional 
problematic in that bending loss incr^ 
t.ve core cross-sectional area A,, b*ov„? a Zr 

Therefore, in order to effectively ^1, , h „ „„„„„ 
ear optical phenomena from mcu-C??, 1™"""' 
the value o, MFD smaH. the 

according to the present invention hat « ~J7r.fr!; 
tive index profile of a ring-snap*, 
thereby, in a cross section perperw,.,.,. \ 0 wave ; 
guiding direction of signal light the p*.- lha J 
cal power distribution in the fundamer^ 
light or its accompanying electromag-,^ ^ dSSS 
tion is maximized Is radially separate * °" 

of the core region by a predetermine- ?^ c . 

Even in an optical fiber having * -L art ^ =^„. 
profile of a ring-shaped core -rucii^t^^ 
diameter of its inner core is small, h ,> * ! 

of propagated light or )ts accompany, . P i 0 ^ mman 
netic field distribution as compared J> < n tXaUtotr 
having a refractive index profile other *l n ' , !** 
ring-shaped core structure. Namely. in 2 
fiber haying a refractive index profile V « ring shS 
core structure, when the outside diarr^ ; , ^f^S 
core is small, the part where the optic*, f^er dislTu 
tan of signal light in the fundamental rr^l^ * 
magnetic field distribution is maxima L CO met7o 
substantially overlap with the center of »..,S?3c£ 
In such a state, the characteristic of th, „ rf ,Se1X 

22? 9 rin9 " ShaP6d m ***** '^3^ 
Specifically, in the dispersion-shin,^ fjber accorri 
ing to the present invention, in a crot* m^^? 
dicular to a wavering direction of J^K^ 
part where the optical power distribution ti sTcLXm \n 
a fundamental mode or its accon^an/,,1, JT? 9 
neticfield distribution is maximi.XS, " 

IZT:™ X " of the core re9ion by SEE 

In this case, satisfying the condition of egression 
3) mentioned in the following is p^^niSSS 
m order to fully exhibit the effects of th, , , WrLtiveTndex 
profile with a ring-shaped core strucn.ro IZTZ 
d.spers.on-shifted fiber according to th„ ,rosS hv«! 
tion satisfies a relationship of: em en 
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30 



50 



P, > 1.2 x P. 



(3) 



wherein P 0 is an optical power of signal n m m me fun . 



damentai mode at the center of the core region or an 
intensity of Hs accompanying electromagnetic fieid. and 
Pi is a maximum value, in a radial direction from the 
center of the core region, of optical power distribution of 
signal light in the fundamental mode or its accompany- 
ing electromagnetic field distribution. 

As a result, while keeping the MFD of the asper- 
sion-shifted fiber at a small value, the effective core 
cross-sectional area Aqh can be made greater, thereby 
the nonlinear optical phenomena can be reduced with- 
out increasing bending loss. 

The o?spersion-shifted fiber according to the 
present invention is a dispersion-shifted fiber whose 
zero-dispersion wavelength is shifted from the center 
wavelength (1,550 nm) of the above-mentioned 1.55- 
*im wavelength band by a predetermined amount. Thus, 
as the effective core cross-sectional area A oM is 
enlarged while the zero-dispersion wavelength is 
shifted, signals can be more effectively restrained from 
deteriorating due to four-wave mixing. 

The present invention will be mare fully understood 
from the detailed description given hereinbelaw and the 
accompanying drawings, which are given by way of 
illustration only and are not to be considered as limiting 
the present invention. 

Further scope of applicability of the present Inven- 
tion will become apparent from the detailed description 
given hereinafter- However, it should be understood that 
the detailed description and specific examples, while 
indicating preferred embodiments of the invention, are 
given by way of illustration only, since various changes 
and modifications within the spirit and scope of the 
invention will be apparent to those skilled in the art from 
this detailed description. 

BRIEF DESCRIPTION OP T HE DRAWINGS 

Fig. 1 is a view showing a cross-sectional structure 
of a dispersion-shifted fiber according to a first 
embodiment of the present invention and its refrac- 
tive index profile in a diameter direction; 
Fig. 2 is a graph showing, in a dispersion-shifted 
ftoer having a refractive index profile of a ring- 
shaped core structure, changes in effective core 
cross-sectional area A^ and MFD when its core 
diameter 2b (outside diameter of the outer core) is 
changed; 

Fig. 3 is a graph showing, in a dispersion-shifted 
ftoer having a refractive index profile of a ring- 
shaped core structure, changes in cutoff wave- 
length X c and dispersion slope at a fiber length of 2 
m when its core diameter 2b (outside diameter of 
the outer core) is changed; 
Figs. 4 to 7 are graphs for explaining changes in bit 
error rate (BER) caused by changes in dispersion 
slope, respectively showing those at dispersion 
slopes of 0.03 ps/nm 2 /km. 0.05 ps/nrr^/km, 0.09 
ps/nm 2 /km, and 0.12 psAin^/km; 
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fig. 8 is a wow for explaining Q value; 
Fig. 9 is a view for explaining an optical power dis- 
tribution in the fundamental mode of signal light In 
the dispersion-shifted fiber of Fig. 1 (including its 
cross-sectional structure and its refractive index 
profile in a diameter direction); 
Fig. 10 is a view for explaining an optical Dower dk 

dispersion-shifted fiber according to a^LZl 
example of the first embodiment Oncludino 1 
cross-sectional structure and its ref act£L£ 
profile in a diameter direction)- Wte 

St 11 !^ 12 Vi6WS 6ach snowi "9 * cross- 
sectona. structure of a dispersion-shffted^Sr 

EZtX ? 8 T i,ied °' ,he <*« 

dTSo„T ctive index pro " le in a d ~ 

SeofadiL^ 3 «"M«*>nal struc- 

nnw wt! P ers,on - sh,ft ed fiber according to a sec- 

refracta* index profile in a diameter direction 
Fig. 14 is a view for explaining an optical power dfe 

-n the d.spers.on-shifted fiber of Fig. 13 (fndud no 
rts cross-secoonal structure and its retraSX 
profile in a diameter direction)- 

T^W"? 16 3fe Views each sh °w-ng a cross- 

according to a modified example of the second 

Fig 17 is a table tor explaining tolerances of struc- 

taoETS ' or realizin9 various 

SSr* — ~«*. «o the 

5 * faph Sh0win9 a r elalionship between 
the outs.de diameter of the inner core and thTou, 
«de diameter of the outer core for realizing various 

JL " 3 Braph showi "9 a relationship between 
distance (M m) from the center of the core reofon to 
a posrton where the electromagneticle d ^ 

teXF V: op,ical power) * 

dl«nl ' S / 8 B > raPh Sh0wina a rel ^onship between 

t^TV mm ,He CSn,er * ,he «>^«gion fo 
a position where the electromagnetic field valu! 
corresponding t0 optical power) fe 

f«. 22 is a table showing various characteristics of 
f P f"" C Samp,6S in ,he "ispersion-shS ft e 
according to the present invention; 
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fig. 23 is a graph showing an example of refractive 

EX?* in *• ,££25 

SS^I P ? 8em inventton aod optical power 

olst/lbHrticflaJonBadiameterolrecti^ereof^nT 

rTJ 4 . t0 27 are vlews showing examples of 

reJ^mdexprofileappficaZt^ecSorl 
Shtfted fiber according to the present invent 



20 

40 ™e dispersion-shifted fiber 100 is set EUC h ^ 

« least 70 urn 2 r, cr °SS-sectjonal area is at 

'east , 3o7nm ^ * 2 m le "9«» >• a. 

In a preferred example thereof, when the refract™ 
index n, equals to the refractive irilexT « / , S 



55 



An, ={n 2 



n 3 2 )/(2n 3 2 ) 



(4) 



siae aiameler 2a of the inner core 1 1 1 to the diameter 
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